coordination. Different control approaches for autonomous navigation have been proposed in the literature. Crossing an intersection therefore could be viewed as a multiobjective problem for which various solutions have been suggested, such as stochastic optimization (6), cooperative methods of control (7 ), and decentralized control (8) .
Until now, the first-come first-served strategy has been proposed for coordination of autonomous vehicles at intersections (9) , which builds a centralized framework to control all the vehicles that are present at an intersection. However, decentralized control was selected in this study since it does not rely on long-range communications. This method also shows more robustness to communications failures. The use of navigation functions in decentralized schemes seems promising since they can be implemented in real time. They are also scalable with respect to the number of vehicles and in dynamic environments (10) .
In this study, a previously proposed decentralized algorithm for coordinating vehicles at intersections (11) is simulated by using a microscopic model. An intersection is modeled in which vehicles could pass straight through or turn either left or right. The proposed navigation function is based on the distance between a vehicle and its destination (which can be a moving point) and to other vehicles. Sensing conditions are defined for each vehicle in order to emulate a real detection and communication range.
A dynamic model of vehicles is introduced that is simple enough to enable the handling of complex traffic situations and complex enough to enable vehicle control. Next a decentralized navigation function (DNF) that takes dynamic constraints into account is proposed. The microscopic simulator and methods of evaluation of the proposed approach are presented followed by the results.
Problem Formulation
The considered network consists of a four-road intersection. Each road has one lane in each direction. The whole system involves N vehicles whose goals are passing the intersection. The position of vehicle i is known as q i = (x i , y i ) in a global frame attached to the intersection. In practice, position data could be provided by using localization methods for autonomous vehicles. The path of each vehicle is predefined and could be described by the path parameter s i .
Therefore, the location of the vehicle along its path could be calculated from its position in the global frame by using the parametric function q i = f k (s i ) corresponding to the path k the vehicle has chosen for its travel.
Microsimulation Modeling of Coordination of Automated Guided Vehicles at Intersections
Laleh Makarem, Minh-Hai Pham, André-Gilles Dumont, and Denis Gillet
One of the challenges with autonomous vehicles is their performance at intersections. An alternative control method for the coordination of autonomous vehicles at intersections is shown. The proposed approach was grounded in multiple-robot coordination and took into account vehicle dynamics as well as realistic communications constraints. The existing concept of decentralized navigation functions was combined with a sensing model, and a crossing strategy was developed. The simulation results showed that because of the proposed approach, vehicles had smoother trajectories when crossing at a four-way intersection. The proposed method was compared with adaptive traffic lights and roundabouts in terms of throughput. Results showed that using a decentralized navigation function for the coordination of autonomous vehicles improved their performance by reducing energy consumption and pollution emissions.
During the past decade, cooperative coordination of autonomous vehicles has been an attractive research area both in control and in transportation. It is expected that in the near future autonomous or semiautonomous driver assistance systems will be available to handle traffic on highways and in urban areas.
Realistic behavior of autonomous vehicles has been modeled and simulated previously (1). Researchers have studied the impact of autonomous vehicles in urban traffic and validated their models by simulations (2). Autonomous vehicles are one of the interesting alternative solutions to cope with congested traffic in urban areas (3) as well as on highways. Automated merging maneuvers (4) and platooning (5) are the scenarios that have been addressed successfully.
Intersections respond to traffic conditions, which potentially have a great impact on energy consumption and motion smoothness. Autonomous vehicles could bring better performance in terms of energy consumption and delay reduction. Thus, in this study, emphasis was put on performance of autonomous vehicles at intersections.
When an intersection is passed, the main goal of each vehicle is to reach its destination and avoid collision with other vehicles and fixed obstacles. This problem is well known in the field of multiple-robot
The motion of each vehicle along its path is modeled with secondorder dynamics:
where u i is the control input and m i is the mass of vehicle i. The dynamics proposed for the vehicles is quite realistic. In some previous work (12) , first-order dynamics was used to describe the behavior of the vehicles. Second-order dynamics enables one to deal with inertia, as well as with acceleration constraints in addition to speed. Therefore, real-world limitations such as acceleration limit a max and braking limit b max are introduced. The speed limit corresponds to road regulations in straight paths. In curves, the speed limit is computed to keep the centripetal acceleration below the acceleration limit. Each vehicle is controlled by using its own navigation function, which is built and updated at each time step. The main challenge is to find an appropriate navigation function. This navigation function could be combined with a proper control input such that each vehicle could reach its destination while avoiding collision with other vehicles located in its sensing zone. In addition, the motion of the vehicles should follow the dynamics given in Equation 1.
A circular sensing zone is introduced. Its radius corresponds to a predefined detecting length unless there is an obstacle blocking the communication. This zone emulates detection capabilities of the sensors in autonomous vehicles. It is also considered that vehicles can communicate with each other when they are located in their respective sensing zone.
The main concern of the current work is the behavior of vehicles at intersections so it was assumed that the desired destinations of the vehicles are located at the end of one of the other sections of the intersection. Therefore, the convergence to a final configuration is not a critical issue.
DecentralizeD control methoD
The control of each vehicle is based on a navigation function. A navigation function is a smooth mapping that should be analytic in the work space of every vehicle and its gradient would be attractive to its destination and repulsive from other vehicles.
So an appropriate navigation function could be combined with a proper control law in order to obtain a trajectory for every vehicle leading to the destination and avoiding collisions. The navigation function expanded in this work was first introduced by Makarem and Gillet (11) . This DNF provides a stable solution and exhibits analytical properties. It is well conditioned to handle local traffic conditions in which many vehicles are involved.
The navigation function ϕ i proposed in Equation 2 is composed of two terms. The first term is the squared distance of vehicle i from its destination along its path and it attains small values as the vehicle approaches the goal. The second term aims at avoiding collision between vehicle i and all other vehicles located in its sensing zone. This function should be large when vehicle j is close to vehicle i in order to create a strong repulsive force and avoid collision risk. This function should be equal to 1 when vehicle j is out of the sensing zone of vehicle i (Figure 1 ). In this work the function β(.) given in Equation 3 was chosen. Its value is close to infinity for very short distances between two vehicles in order to provide a strong repulsive force. It is equal to 1 when no vehicles are in its vicinity. No static obstacles or pedestrians are taken into account at this stage.
According to the navigation function presented in Equation 2 and the vehicle dynamics defined in Equation 1, the following control law is proposed. At each step, the vehicle will move according to a gradient descent method. This method ensures convergence toward the minimum value of the navigation function, which is the goal point in the working space.
Sensing conditions
Sensing conditions for the vehicles are defined in order to consider the communication constraint and sensor limitations. Moreover, the sensing conditions represent a model that nearly replicates recent technologies for communication of vehicles. So the comparisons between the autonomous vehicles with current methods of passing an intersection mainly depict the difference in control strategies. This aspect means that differences in information and sensory data would not be an issue. Figure 2 shows the sensing zone of every vehicle. Other vehicles are taken into account in the navigation function if they satisfy two conditions: (a) they are in the sensing zone and (b) they are potentially dangerous (there is a probability of collision). For instance, Vehicle 3 (the red vehicle) in Figure 2 is not a potential danger for Vehicle 1 (the blue vehicle) because they are traveling in two separate directions and lanes.
Three conditions (cnd 1,2,3 ) are required to emulate the detection and communication of vehicles in the real world. First, the field of vision of a vehicle (δ) is 1.4 radians on both sides. Any nearby vehicle outside of this zone is invisible. Second, there is no danger of collision if the heading vector (φ) of a nearby vehicle is inside the pale green zone (directional visible zone). Third, if the nearby vehicle is in front of the vehicle (in the forced visible zone), it should be seen at any rate. These three conditions could be expressed by using the distance vector (d) and heading rotation shown in Figure 2 . 
Priority assignment
So far, all vehicles have been treated equally. However, there are good reasons to give higher priority to some of them. Giving priorities can help avoid blockades of two crossing vehicles. By relying on the previously presented method, all vehicles will avoid collision by braking. But considering the fact that to pass the intersection the deceleration of one vehicle could be sufficient, one vehicle is encouraged to brake earlier and give priority to the other, thus avoiding the blockade. The decision regarding which vehicle is going to brake and which one pass intuitively depends on the distance to the crossing point. The vehicle that is closer to the crossing point gets priority. Instead of using the true distances as an indication, which is laborious to establish with curved paths, the angle between the heading of the vehicles and the common distance vector was used. This distance is calculated between the two vehicles. The bigger the angle, the closer the vehicle is to the common crossing point.
In fact, in the case of an interaction of more than two vehicles, two vehicles can still block each other. Making a nearby vehicle invisible to the other vehicle as soon as the latter is in the former's path solves this issue. The vehicle will thus accelerate, and the nearby vehicle will stay blocked.
Simulation
In the simulation scenario for the crossing of autonomous vehicles, since the proposed method is a decentralized control of autonomous vehicles, there should be an individual controller for each vehicle. In addition, an environment is needed to simulate the whole intersection and animate all vehicles. This setup helps to verify the performance of the proposed method and also to compare it with other classical methods of crossing at intersections. Classical methods are those that are currently selected to manage intersections for vehicles controlled by human drivers, such as traffic lights, give-way rules, and roundabouts. The AIMSUN microsimulator is chosen to simulate and animate an intersection. In order to implement decentralized controllers for autonomous vehicles, the controllers and the model of communication were implemented in MATLAB. Finally, MATLAB and AIMSUN communicate through application programming interfaces.
The intersection consists of one junction, eight sections that correspond to four two-way streets (Figure 3) . The length of each street is 200 m, which makes an isolated intersection at the junction point. The maximum speed is 50 km/h, like the standard speed limit in urban areas. This speed limit is considered in the DNF method as well as the methods for comparison. In this work, the decentralized navigation of autonomous vehicles is compared with control by actuated traffic lights and a roundabout. Traffic lights are a classical way of managing intersections and the most efficient way of controlling normal vehicles in terms of liability and controllability. In this work, the traffic lights are fully actuated with the detectors integrated in all sections. To obtain useful information, the detectors are set a long distance from the stop line (100 m). No pedestrian pass time is considered, to enable comparison with the autonomous approach. Detectors are working in a locking mode in which they count the number of vehicles passing in red and yellow intervals. The controller is designed as a single ring with a minimum green light of 20 s and maximum green light of 50 s.
Vehicles entering the intersection all have the same inertia and velocity, acceleration, and braking limits. Different levels of traffic have been directed in order to compare the three intersection control methods. In a low-level traffic situation, vehicles will not make spillbacks; this feature means there would not be any vehicle waiting to enter the intersection outside of the network.
The chosen simulation step is 100 ms. The parameters chosen for the navigation function are λ 1 = 0.02, λ 2 = 0.8, and σ = 20 m.
Sets of simulations were carried out with vehicles having three choices at the intersection: go straight, turn left, or turn right, with the same probability. Simulations were carried out for five sets, each set for 1 h.
reSultS anD analySiS
In this section, the efficiency of traffic lights and the roundabout is compared with the decentralized navigation of autonomous vehicles. These three methods are compared by using performance indexes, defined in the next subsections. These indexes are chosen to show the total performance of the proposed method for the whole intersection, not just for one vehicle. Results are shown in Figures 4 and 5.
Vehicle average Speed
This index of performance is the average speed for all vehicles that have left the network. It is calculated by using the mean journey speed for each vehicle and then averaged over the total number of vehicles that have exited the network. 
number of Stops
The number of stops is the mean number of stops of all the vehicles that have left the network from its exit section.
Vehicle throughput
Vehicle throughput, or flow, is the number of vehicles per hour that have passed through the network during the simulation time. The vehicles are counted when they leave the network via an exit section. This feature means that if a blockade occurs, the flow of vehicles would decrease significantly. The average number of cars that should enter the network could be defined by using the origin-destination matrix of the network.
Fuel consumption
According to the fuel consumption model presented in AIMSUN, every vehicle is idling, cruising at a constant speed, accelerating, or decelerating. The state of each vehicle is determined and the model then uses the appropriate relation to compute the fuel consumed for that state. For idling and decelerating vehicles, the rate is assumed to be constant. Fuel consumption during these four phases is shown in Table 1 . According to the U.K. Department for Transport (13), the constants c 1 , c 2 , F i , and F d are considered as 0.42, 0.26, 0.333, and 0.537, respectively; v m is also the speed at which the fuel consumption rate is at its minimum value for a vehicle cruising at constant speed. This speed is 50 km/h for cars simulated in this work. Comparison results for the three methods are shown in Figure 4 .
The main goal in intersection management with DNFs is to get smoother trajectories for vehicles. As could be seen in the comparison of the three methods, there is no significant difference between the proposed method and the roundabout control in terms of vehicle throughput and average speed. However, the number of stops in the proposed method is significantly less than for the two other methods. This finding shows that the vehicles have smoother trajectories, which lead to less fuel consumption (verified in the simulation and shown in Figure 4 ). Limiting decelerations and accelerations decreases fuel consumption. Since vehicles are mainly cruising in the decentralized navigation method, they consume significantly less energy.
In this set of simulations, the performance with traffic lights is poor compared with the two other methods. However, the simulated method is an actuated scenario. In fact, traffic lights are not the best choice for this intersection since every section has only one lane. Adding lanes might increase the performance of the traffic lights.
Pollution emissions
Pollution emission is also defined in the simulation in four states like that of fuel consumption. This process is done by referring to a look-up table for each pollutant that gives emissions (g/s) for every relevant combination of vehicle behavior (13) . The look-up table used in this work is shown in Table 2 .
As can be seen in Figure 5 , the carbon monoxide (CO) emissions with the DNF method are less than that of a roundabout. However, it does not show better results in comparison with traffic lights. These results are not unexpected despite the fact that in traffic light control the flow of vehicles is expressly less than that in the other methods 
in a high level of traffic. This finding means that most of the vehicles in this case are idling in the network and emissions of nitrogen oxide (NO x ) are notably less than in cruising. However, this finding is not the case with CO emissions. Vehicles idling in front of a traffic light are producing the same amount of CO as the vehicles cruising with a speed of 10 km/h. Considering the low flow of vehicles in traffic light control, DNF can reduce the energy consumption and pollution emissions for every journey. The proposed decentralized method for controlling the intersection has been tested in microsimulation and compared with two current methods of crossing control. The comparison between the DNF method and traffic light control shows 300% improvement of the network throughput using decentralized control. Although traffic lights could show better performance with more lanes at the intersection, the structure of the intersection has to be kept the same for the sake of fairness in comparing the methods.
Regarding the number of stops, the DNF method induces fewer stops, even in a very highly congested situation, which directly influences the amount of fuel consumption and pollution emissions. Even in low and medium traffic levels, the number of stops is less than with the two other methods. This finding shows the basic idea behind the decentralized method, which proposes smoother trajectories. Smooth passing of the intersection may result in a lower average speed (as seen in Figure 4 ), but by reducing the number of stops, decelerations, and accelerations it reduces fuel consumption and CO emissions.
concluSion anD Future Work
In this study, the DNF was simulated by using a microsimulator (AIMSUN with connection to MATLAB). This process paves the way toward onboard energy optimization due to decentralized control of autonomous vehicles at intersections. The proposed method was compared with current methods of managing intersections: adaptive traffic lights and a roundabout. In comparison with classic traffic lights, the proposed method shows a significant reduction in travel time and number of stops. The flow of the vehicles crossing is also improved simultaneously. The major improvement is related to the number of stops, which directly means less energy consumption and less pollution emissions. It could also bring more comfort to passengers since the journey is smoother.
Future research will include more realistic features like more complex vehicle dynamics. Also, the behavior of the vehicles under communication constraints and lack of energy will be studied as could happen when electric vehicles are used. Different profiles of acceleration and deceleration will be taken into account in order to have a comfortable driving experience. One future step would be simulation of more than one intersection to investigate the potential of the proposed method for improving spillbacks and queue length. This step will allow the authors to adapt the work to autonomous vehicles and semiautonomous driver assistance systems. Priorities could be extended in order to optimize energy consumption. In this way, higher priorities could be given to public transportation systems as well as to heavier vehicles. 
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